Cyclic nucleotide PDEs (phosphodiesterases) regulate cellular levels of cAMP and cGMP by controlling the rate of degradation. Several mammalian PDE isoforms possess N-terminal GAF (found in cGMP PDEs, Anabaena adenylate cyclases and Escherichia coli FhlA; where FhlA is formate hydrogen lyase transcriptional activator) domains that bind cyclic nucleotides. Similarly, the CyaB1 and CyaB2 ACs (adenylate cyclases) of the cyanobacterium Anabaena PCC 7120 bind cAMP through one (CyaB1) or two (CyaB2) N-terminal GAF domains and mediate autoregulation of the AC domain. Sodium inhibits the activity of CyaB1, CyaB2 and mammalian PDE2A in vitro through modulation of GAF domain function. Furthermore, genetic ablation of cyaB1 and cyaB2 gives rise to Anabaena strains defective in homoeostasis at limiting sodium. Sodium regulation of GAF domain function has therefore been conserved since the eukaryotic/prokaryotic divergence. The GAF domain is the first identified protein domain to directly sense and signal changes in environmental sodium.
Inorganic ions including sodium, potassium and bicarbonate play critical roles in cellular homoeostasis and metabolism. The maintenance of ion-dependent processes when challenged by changes in ion concentration is fundamental to cell physiology. Although cellular responses to ion stress are relatively well described, little is known of the mechanisms by which ions are directly sensed and concentrations signalled to the cell.
Numerous prokaryotic and eukaryotic ACs (adenylate cyclases) are sensitive to inorganic carbon and recent work has suggested that this sensitivity is to CO 2 as opposed to HCO 3 − [1] [2] [3] . Several molecules involved in cell turgor or osmolality homoeostasis function by directly detecting K + [4] [5] [6] . No direct sensors for Na + that function in Na + homoeostasis have been identified. Na + is an essential cation that functions in the catalytic mechanism for numerous metabolic enzymes and is linked to such diverse processes as electrical signalling and solute uptake. Na + stress is of interest in agriculture as a contributor to the global problem of soil desertification. Na + stress is also a significant issue in public health as 'salt-sensitive' individuals show large fluctuations in blood pressure in response to increased or decreased salt intake.
The cyanobacteria are a subgroup of morphologically and ecologically diverse Gram-negative prokaryotes that synthesize chlorophyll a and use water as an electron donor during photosynthesis, leading to the evolution of oxygen. Several molecules from cyanobacteria have attracted The GAF domain is an important site of signal perception in prokaryotes and eukaryotes, binding ligands as diverse as bilin chromophores in plants and cyanobacteria, haem in the DoS sensor of Mycobacterium tuberculosis, nitric oxide in the NorR sensor of E. coli, 2-oxoglutarate in NifA of Azotobacter vinelandii and cyclic nucleotides in mammals [7] . The mammalian cyclic nucleotide PDEs (phosphodiesterases) modulate cellular concentrations of cAMP and cGMP through regulating the rate of degradation. Of the 11 identified families of PDE, types 2, 5, 6, 10 and 11 possess N-terminal GAF domains regulated by cyclic nucleotides. The CyaB1 and CyaB2 ACs of Anabaena also bind cAMP through one (CyaB1) or two (CyaB2) N-terminal GAF domains to mediate positive-feedback regulation of the CO 2 -responsive AC domain [3, [8] [9] [10] .
Signalling enzymes such as CyaB1 and CyaB2 with intrinsic positive-feedback cycles pose a particular problem in vivo. Tight regulatory control must maintain the feedback cycle in an 'off' state until an activation signal is received. For CyaB1 and CyaB2 this could be achieved in one of two ways. First, PDE activity in the organism could be maintained at levels such that cytosolic cAMP concentrations are insufficient to activate GAF domain function. Alternatively, a ligand The ratio of emission at 505 nm after excitation of SBFI at 340 and 380 nm is dependent on Na + . Protein competes with SBFI for Na + binding, allowing the affinity of SBFI (K D ) and GAF domain protein (K i ) for Na + to be calculated.
distinct from cAMP could bind the enzyme and maintain the feedback cycle in the 'off' state, thus lending specificity to the intramolecular signalling event. In support of the latter mechanism Na + , but not other univalent cations, inhibited AC specific activity of the CyaB1 and CyaB2 holoenzymes due to a failure of positive autoregulation at low (<1 µM) cAMP concentrations but with no effect at elevated (>1 µM) cAMP. Compromising the function of the cAMP-binding GAF-B domain of CyaB1 ablated both cAMP-mediated autoregulation and Na + inhibition, while mutation of GAF-A had no effect [7] .
To further investigate the Na + -GAF domain interaction, we utilized the isolated recombinant GAF domains of CyaB2 as a model [8, 10] and developed a novel fluorimetric assay to assess Na + binding. Briefly, we excited SBFI (Na + -binding benzofuran isophthalate) at 340 and 380 nm and measured the ratio of emission at 505 nm. Fluorescence emission is quenched in the presence of protein through specific Na + binding. Establishing a thermodynamic model for the binding equilibria for Na + demonstrated a competitive relationship between SBFI and the GAF domains with an affinity of the GAF domains for Na + (measured as K i ) of 302.3 ± 21.1 µM (Figure 1 ). cAMP reduced Na + binding to the GAF domains in support of the biochemistry but Na + had no effect on cAMP binding (as assessed by isothermal microcalorimetry). CD spectroscopy revealed that Na + affected a conformational change in the tandem GAF domain, indicating that Na + probably maintained the domain in a conformation unable to signal, and cAMP removed this constraint. Genetic ablation of the cyaB1 and cyaB2 genes gave rise to Anabaena strains defective in homoeostasis at limiting Na + owing to compromised Na + /H + antiporter activity. Na + therefore specifically controls the state of cAMPmediated autoregulation in CyaB1 and CyaB2 both in vitro and in vivo. We propose that intracellular Na + concentrations are sufficient to bind the GAF domain and maintain autoregulation in an 'off' state when Anabaena is grown at 'normal' (4 mM) Na + (Figure 2A ). If Na + is reduced (0.2 mM), the consequent reduction in the intracellular concentration releases Na + from the GAF domain and cAMP-mediated autoregulation is activated, possibly by sensitization of the GAF domain to basal enzyme activity. cAMP then directs Na + homoeostasis by regulation of Na + /H + antiporter function ( Figure 2B ).
To determine whether Na + regulation of GAF domain function was of more global relevance, we investigated a chimaera of the cGMP-regulated tandem GAF domain motif of mammalian PDE2A expressed contiguous with the CyaB1 AC catalytic domain [9] . Na + inhibition of AC specific activity in this chimaera is dependent on the PDE GAF domains and cGMP. Na + regulation of GAF domain function has therefore been conserved since the eukaryotic/bacterial divergence. The GAF domain is the first identified protein domain able to directly sense and signal changes in Na + . We propose that Na + signalling through GAF domains is widespread in biology and may represent a deeply conserved mechanism for Na + detection.
